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THE EFFECT OF COSMIC RADIATION ON PLANT ACTIVITY
A. A. Shakhov

The great successes of Soviet sclence and technclogy in the

atudy of the cosmos and near-earth space have placed extremely
important and interesting tasks in front of the blologlsts.

A 1iving organism, for example a plant, placed in the cabln
of a spaceship or of an interplanetary station for regeneration of
the alr and for producing food, 1s under conditions sharply differing
from those found at the eartht!'s surface. One of the most important
factors of such extreme conditions characterlistic of the cosmos 1s
the radiation regime, since the reglon of the polar spectrum beyond
the earth!'s atmosphere 13 considerably broader. Therefore, for example,
the lnvestigatlon of the photosynthesis of plants under & closed
ecological environment in a cosmonaut's cabin acquircs especlal im-
portance (Sisakyan, Qazenko, Genin, 1961).

In additlon to the specific problems associated with the
activity of organlsms under cosml- radialion conditions, a study of
the effect on plants of varlous reglons of the spectrum (in particular
the ultraviolet and infrared reglons) 1s of wider interest since it
1s part of the new problem--the photoecnergy of plantus. Blologleal

pholoenergeilcs can be an lmpurtant 1iok o undeestanding a plant as
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‘an intimate intermediary between the sun and 1ife on earth. In his
‘time Timiryazev (1956) called the process of the assimlilatlion of solar
light by chlorophyll the "cosmic function" of the plant: the chlorb;
‘plast, "This negligible, black lumplet of matter 1s the true link
Joining the majJestlc explosion of energy in our central heavenly body
with all the diverse manifestations of 1life on the planet we inhabit"
(p. 199).

The problems of the photcenergetics of plant.a has been actively
worked out in recent years in the B. A. Keller Laboratory of Evolu-
tionary and Ecological Physlology of the Inatitute of Plant Physlology,
USSR Academy of Sclences, under transpolar conditions, wherein especlal
attenllon was devoiled to Infrared radlation. At the present time we
have begun a study of the effect on plants of the short-wave (ultra-
viclet) region of the spectrum. It is natural that in the light of
the problemn of space blology such lnvestigations can be carrled out
most effectively when the conditlons are to a certain extent close to
the radlation conditlons of the cosmos. From this polnt of vicw, of
considerable lmportance are the hlghlands of Eastern Pamir, which are
at an altitude of 4000 to 5000 m where, owlng to the exceptional dry-
ness and tranaparency of the air, the solar radiation is distingulshed
by a great intensity and specific spectral distributlion., These fceaturesn
make Pamir a unique natural laboratory, as 1t were, esapeclally intendead
for investigatlions of this naturc.

The spectral dlstribution of the anlar radiation reaching the
earth's surface subgtantially depends on the thickneass md properticen
of the alr mass absorbing and scattering the radiation paasging through
ft. The effect of the atmospherlc layer 1s most strungly rendered on

the ultraviolet reglon of the spectrum, since the aboorption iuv greatest
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_fbrrthese rajs;r The spectfal distfiﬁutiénuéf diiééio;fi;%;;;ﬁﬁgz‘ o
reglon 1s decisively influenced by the ozone content in the air which
‘absorbs all radiation with a wavelength of about 290 mp. In addition:

'to the ozone, the intenslity of ultraviolet in the region from about

290 to about %00 mp is also weakened by the air, water vapor, dust,

and smoke which are usually present in the lower layers of the atmos-
phere., The effect of these factors results in the intensity of the
UV-radiation being strongly dependent on the thickness of the alr mass

over the observation polnt, l.e., on the helght above sea level and the

position of the sun above the horlzon.

E ZIV —
6} onmsmms—

4;17 E——r—
251 eemEmtm—

B

o 55

ae

Rl A 0 éw 7 ﬁm;?v
Fig. 1. Spectrograms obtained during {light of rocket
Kondrattyev, 1954),

Figure 1 shows the short-wave reglons of the spectrum of
golar radiation obtalned at different heights by means of rocket-
borne instruments. As we see with respect to the radiation conditiona,
typlcal "cosmlic conditions" characterizing the manifestation of hard
radiation with a wavelength to 240 mu already begin from heights of
about 55 km,

Figure 2 shows the supposed distribution of energy in the
X-ray and UV-spectra of the sun at the boundary of the earth's atmos-
phere (Yager, 1957). It follows from the curve that in the short-
wave reglon the solar spectrum extends to the region of soft X-rays.

The total energy of the short-wave radiation of the sun
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(ultraviolet and X-ray) 1s not great:-ié ié'féns of thousands of times

‘less than the energy of visible light. However, short-wave radlatlon

'by virtue of 1ts extremely high activity ionizes air molecules, and

the part of the radiation reaching the earth has a dlverse blologlcal-

action.
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Flg. 2. Supposed energy distribution in the ultraviolet

and X-ray spectrum of the sun.

According to Malyshev {(1957), the intensity of direct solar
radlation increases by 6% and of the ultra-violet radiation by 15%
with a one kilometer ascent in the Caucasus. Stanko and others (1958)
established that 1n the mountains of the Zalllyskiy Altay, the direct
solar radiation at an altitude of 2980 m increased at noon by 20%,
UVv-radiation by 55%, IR-radiation by 24% in comparison with radiation
at an altitude of 780 m. Referring to the data in the literature,
Stanko noted that many high-mountaln plants have a relative resistance
to short UV-rays. Petrishin and Landau (1953) consider that high
in the mounlalng the specific features of inasclation and the richness
of solar light in blue-violet and easpecially in long-wave UV-rays
play a very considerable, if not a decislve role in the change of the
morphologle, functional, and blochemlcal characteristics of plants.

In 1958, Qurskiy, Ostapovisch, and Sokolay (1961) began Lo study
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the radiation conditions in Pamir. At a height of 3000 m above sea
,ie§§i fhéy detected a high radiati@n dose 1n the region of ultra-violet
"B, 500 uw/cm2 and ultra-violet "A", 1200 pw/cma. Taking account »
‘such high intensity of radlation, thé authors suggested that photo-

reactivation can take place in the mountains. The latter, as 1s known,
18 the restoration of ultraviolet leslons with light of longer wave
length. 1In order to study this problem, Gurskiy et al. (1961) set

up experlments where plants were cultivated in natural llght and with
1llumination by SVDSh-250-3 quartz-mercury lamps whose spectrum has
ultraviolet "C".

The calculations of the authors showed that a quartz-mercury
lamp at a distance of 1 m increases (in the reglon of ultraviolet "B"
during the course of a day) the radiation dose by fourfold in com-
parlson with the natural. In splte of the greater doses of UV, not
& slngle plant died, according to the authors! assertions.

Taking account our further invegtigations of the effect of
UV-radiation on plants in Pamir (Shakhov, Khazanov, Stanko, and
Ostapovich, 1962), which were partly carried out together with the
Pamir Botanical Garden (L.F. Ostapovich, et al.), 1t was of interest
to approach plant actlivity in high-mountain regions from the space
blology point of view. The conditions of UV~radiatlion at heights of
4000 to 5000 m or with irradiation by the ultraviolet "C" of quartz-
mercury lamps to a certain extent approach the radlation conditions
in the upper atmospheric layers undcan be called "quasi-coamic,"

But at first 1t ia necessary to dwell on the principles de-
termining the character of cur earlier investigations into photo-
energetiosm of plants under conditiona of diurnal radiation in the
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Physiologists are accustoméd to looking upon plant activity
only through a narrow spectral slit--the visible light (400 to
720 mi). Such a "narrow viewing“ 1a very Jjealously kept by a
number of speclalists. In defense of the notion that only a narrow
spectral region (visible light) is important for plants, the wreasons
usually clted are that the near-infrared and ultraviclet reglons
bounding the visible light wlll not be important in the physiologlcal
characteristics of a plant, Therefore, the concept of a physiologi-
cal or photosynthetic radiation (400 to 720 mu) was put forward.

It 18 consldered that in the region of near-infrared rays the plant
1s transparent and they cannot render & substantial effect on the
processes takling place In the plant. The short-wave ultraviolet
rays have acqulred the reputation of belng harmful to an organism.
But thils concept, which 1s only true for ultraviolet "C", is
scmetimes extended to ultraviolet "A" and "B", which borders on
vislble light. The posslbllity of a posltive effect of intenme UV-
radlatlion on photosynthesls of plants 1s disputed or negated.

As a rcoult of underestimating the role of the spectral
boundary reglons (IR and UV) in the plant activity many lmportant
phenomena have escaped us. Due to the phyasico-technical difficulties
of studying the indicatud boundary regions, an almost "unknown world"
olipped out of the ascope of the blologista: the physicochemical
changes in plants when irradiated with IR~ and UV-rayc.

If we take as a whole the extensive problem of the relatlon
between a vegetable organism and radiant energy, then herec we can
presently say that we see much less than we don't see.

As the studics of our laboratory and of a number of other

Soviet and foreign investigators have shown in recent years, planto
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.:prgved_to be more "seelng" than &e are accustomed to consider tﬂ;ﬁ;f
They actlvely percelve radlant eﬁergy of spectral regions borderingi
with 1light with a hlgh physiclogical erfifect, which lncreases thelir
activity and resistance.

By moving back the spectral slit to both sides of the visible
light, thus expanding the scope of our vliew, we make 1t posslble to
study the actlvity of plants in a wlder energy range. It 1s Just
this that aroused us 1n recent years to focus our attention in our
Investigation on a study of the phgtoenergy of planta. For thls
purpose we examined not only the slgnificance of radiant energy
of the boundary reglons of the optical apectrum per se. We were
also interested in the effect obtalned from the influence on plants
of the energy of the boundary reglons together with the spectral
reglons of visible light. Important in this connectlion are the
regularities of the spectral mutual complementation, spectral
mutual exclusion or counteraction; they lay at the foundation of
the red-infrared effect, the red-blue effect, the Danilov-Emeraon
effect, photoadaptation, photoreactivation, and other phenomena.

The abllity to pass on reslstant oftspring is important in the
reaction of a vegetable organism to new radlation conditions. Ir
the adaptability of an organism to new radiation, e.g., "quasi-
cosmic" conditlons inereases, 1t 1o necessary to know by what meanas
the radiation resistancea should be 1ncreased,

Accordling to tho data of our laboratory, the adaptation of
plants through the generations (reproductionn) to light conditionn,
l.e., phote adaptation, 15 well expressed under conditions of
natural diurnal 1lluminatlion In the Far North. Ans the plants in

A Y a . e
the 3rd (o Bth generaticng hecome ade




energy by the leaves increases. (enerally during the summer in the
Tgangpolér reglon (Kola Peninsula) at a low soll and air temperaturé,
the plants actively absorb radiant energy, especlally the near- |
infrared radiation. The abilityrof plants to absorb attenuated
solar radlatlion durling the light night howrs 1s the cause of diurnal
photosynthesis,

Irradlation of plants 1n the Transpolar reglon by concentrated
solar light with a power of 5 to 10 suns causes burns which pass
away In several days probably as a result of the processes of general
photoreactivation, Plants irradiated with concentrated light, ac-
cording to the determinations of our associate 8. A. Stanko, had
more pigments and more fully absorbed radiant energy. The effect of
individual factors of "quasi-cosmic" radlation conditions can
Imitate the actlon of concentrated solar light of varlous intensities
and duratlons on plants.

We suggest that the briefly examined photoenergetlic approach
in conjunction with an investigation of the influence of 1ionizing
radiation will enable us to explain the action of various "quasi-
cosmic" conditions on a plant organism. This should be taken into
account when developing quasl-cosmic physiology and biophysics of
plants, which are important divisilons of Sovliet space blology.

The invegtigation which we carrled out in Eastern Pamir
(Chechekty, blo-station, 5860 m above sca level) and aloo with A.V.
GQurskly, L. F. Ostapovich, and Yu. L. 3okolov (Khorog, botanical
garden, 2340 m above sea level) confirmed, for high-mountain
conditionas, the photoadaptation of planta to new radlation condi-
tlons which had been detected earliier in the Tranapolar region,

Thennr inventigations decpened the concepts concerning the photo-
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regqt;yation,observed by the named authors and us in Pamir with
suppiementary 1rradiation of the plants with quartz-mercury lamps.

Qualltative investigations.by Gurskly and co-workers actually
indicate the presence of photoreactivatlon protectling the plants '
from damage by large doses of short-wave ultraviolet. At the same
time, durlng adaptation of the plants to the described experimental
radlation conditlons, thelr activity as well as the structure of the
leaf apparatus underwent profound changes. As an illustratlion of
thls we can clte the data which we obtalned along with B. M.
@olubkova on the chloroplasts of certain wild and cultivated plants
inhabiting various heights of Pamir. The plants studied were under
both a natural and the above-described "quasi-cosmic" radiation
conditions.

In the leaves of Primula (Primula turkestanica (Rgl) White,
Fig. 3a) and Swertla (Swertia marginata Schrenk, Flg. U4b) inhabiting
the nival belt at a height of %750 m, the chloroplasts were round,
amall, compact, wilth grana rather large with respect to the splze
of the chloroplasts. The stroma of the chloroplasto contain very
small osmiophilic granules. Thils gives us grounds to make a pre-
liminary (before checking other plants) conclusion that during the
historical adaptation of the plants to the temperature-light condi-
tions of the Pamir highlands, small densc chloroplats with extremely
minute osmiophlilic granules were formed in them. Chleoroplastos of
such & structure ensure normal photosynthesla in the planta under
high-mountain conditlions,.

Additional irradiatlion of the agriculturail plants with ultra-
violet of quartz-mercury lamps (botanical garden, 2340 m abovo sea

level) rruned A noticeable change 1n the submicreascoplec stiructure




of;the chloroplasts in spite of the evident processes of photo-
reactlivation. | |

Under natural growling conditions at a height of 2340 m beets
had oval chloroplasts of average denslty with small osmiophilie
granules arranged as clusters in the stroma of the plastids (E}g.
4&). Under the effect of UV-irradiation of beets durlng the growlng
seanon, 1lts chloroplasts became more compact, multilayered, somewhat
larger, with increased osmiophilic granules (Fig. bb).

Small round chloroplasts with small grana and osmiophilic
granules (Fig. 5a) developed in the leaves of radishes under natural
radlation at the same, more than 2-km helght. Additional irradiation
by artificlal ultraviolet severely changed the chloroplast. It
becomes conslderably larger, looser, with very large osmiophilic
granules, which are equal to or larger than the grana (Fig. 5b).
Judging by the conslderable size of the latter, we can consider
that UV-irradiation affects 1lipid metabolliam of the chloroplasts,
the lipid bond with the proteins. And since the chloroplasts usually
contain up to 20 to 30% 1lipids, the change noted in their condition
should be consldered as very lmportant in the metabollism of the
chloroplasta. The presence of numerous free liplds in the stroma
of the chloroplasts can affect thelr photoenergetic properties,

Therefore, in gpite of the clearly cvident photoreactivation,

UV-irradiation which approachcs cosmic irradiation in intenclity,
causes deviations in the chloroplast structure, eanpeclally in
radishes, from the control planta. However, thecae deviations cannot
be considered as pathologlcal changep since they do not disrupt the
funetion of the chloroplasto; the main feature of the submicroncople

atructure ol chloroplagta, the presence of grana, aiso is not

-10-




disturbed. Plants wlth irradiated chloroplasts, as our investiga-

tions-shQQed, contain more chlorophylla and carotenolds (Shakhov,
Khazanov, Stanko, Ostapovich, 1962) and have a sufficlently high
photosynthetic rate, This indicates the normal operation of the
photosynthetic apparatus and, consequently, a high activity of the
rlant organism.

At the same time 1t 1is knoﬁn that, although the chloroplasts
have a relatively high radioresistance (Kuzin and Shabadash, 1959),
UV-rays with a wavelength 1less then 300 my usually severely suppress
photosynthesis. As Bell and Merinov (1961) suggest, the action of
UV-rays 1s partially localized in the chloroplasts, and the inhibi-
tlon of photosynthesis in Chlorella which they observed 1s probably
caused by the interactlon between UV-quanta and substances of a
nuclelc nature conteined in the chloroplasts.

Therefore, our data on the high rate of photosynthesls with
simultaneous 1llumination of the plants during the daylight hours
of the growing perilod with ultraviolet and long-wave rays also
apparently indlcate the important role of photoreactivation.

The structural changes of the photosynthetlc apparatus, cspe-
clally the above-mentioned higher content of plgments in the chloro-
plasts, must affect the abllity of the plants to absorb energy of
the radlant flux. As a result of the action opectrum of chlorophyll,
we ugually conslder that in the abpoorption spectrum of a leaf there
iy a large yellow-grecen "gap", and in the infrared reglon the leavea
are completely transparent. In ow inveuatigations of many years in
the Trancpolar reglon 1t was shown by means of photointegrating
instruments that in the Far Norlh the yellow-green absorption

maximum for a leal is not great, &nd tha

ot
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1giécﬁi§ély absorbed by a leaf (éhakhov, stanko, khazanov, Yakéiev,t
1959). It turned out that this is also cheracteristic for high-
mountaln plants. In our experiments carried out in Pamir together
with V. S. Khazan, S. A. Stanko, and D. M. Shishov on a photolnte-
grating instrument wilith interference fllters, we observed that
different plants of Pamir quite actively absorb radiant energy
throughout the entire spectrum, from the ultraviolet to the infrared
reglons. For instance, & high absorptlion of green (78 to 85%),
yellow (76 to 86%), and near infrared rays (15 to 25%) 1s noted in
ligneous frutescent plants.

Qur prevlious investigatlons also established that as plants
adapt through the generations to temperature and light conditlons
of highlands, the abillty to absorb energy, especlally of green and
infrared rays, 1s increased 1n leaves. Thls 18 nicely 1llustrated
by the new data on Pallidium 4 barley (Table 2).

However, such photoadaptation over the generationg was not
distinctly determined in the first years of adaptatlon in all plants
which we studled., For Parallelum barley the absorption of radiant
energy by leaves of plants of the {fi1fth high-mountain reproduction
(generation) in comparison with the first generation 1s expressed
weakly, except for the reglon of infrared radiation. In plants more
labile with respect to variationa, an intensificatlion of absorption
o' solar energy ls distinctly seen already in the first reproduction
in comparlson with the orlginal, l.e., Lhe plants cultivated for the
first time in mountains. In subsequent generatlons this proceoss
proceeds more slowly. It 1s possible that the Parallelum varlety
(Table 2) belongs to Just that group of blnntﬂ. In olher plants

~
L AR
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. to increase In any case to the 7th generatlon, which 1s shown 1in

the work fulfllled together with Khazan, Stanko, and Ostapovich
(1962). '

Therefore, at a height of 4000 m under conditions of natural S
UV-irradiation, the lmported agricultural plants when resown from
year to year adapt to the unidque radiation conditions. Thanka to
photoadaptation the plants can produce continuously more resistant
offspring having higher photoabsorbability.

Additional irradiation with ultraviolet radiatlion from quartz-
mercury lamps also lncreases the photoabsorbabillity of leaves
(Table 3).

As a result of a two-three month cultivation of plants under
"quasi-cosmic" UV-radlation conditlons, the plant organism acquires
properties making 1t possible to reflect and transmit radlant
energy. Under the effect of high Uy-irradiation, the planta can
additionally utilize the energy of the gr~en and infrared rays, a
large absorptlion of which 1s consldered dangerous due to the possl-
bility of over=heating the plant. However, under certain conditlons
of the temperature and radlation conditions, a potential for assimi-
lating a large amount of radlant energy 1s created in the leaf as

the optical system of the plant, Ag a consequence of such a large

"energy capacity" of the leaf the plant can, without dying, be ex-
posed to irradiation of high-energy UV-quanta. Somc portion of the
absorbed energy of a certaln spectral reglon io consumed for the
photoreactivation procesoscs,

The phenomenon of photoreactivation, which can be of space-
blological intercat according to the concepts beling developed here,

B e mVemomad covmiabders a4 2. 4 rad 1 & .. n * . .
15 almost unsbtudied in highoer plants, DPhotoreactivatlion has been



"Jgpudied malinly on viruses, bacteriophages, bacterlsa, and'protézoans:

Wels (1952) briefly reported on photoreactivation of growth in uni-
cellular alga Chlamydomonas. Deactivation by ultraviolet and the

restoratlon of the activity of the growth process and the motility
of the green alga Platymonas was throughly investigated by Halldal
(1961). According to the data of Lyman, Epstein, and Schiff (1961)

Irradiation of Euglena gracills with nonlethal doses of UV prevented

the formation of chloroplasts 1n offspring; inhibition of the
formation of chloroplasts 18 reduced by vislible light, which causes
rhotoreactivation,

Returning to our electron microscope plctures of the chloro-
plasts, we note that under "quasi-cosmic" conditions of UV-irradia-
tlon there 1s no complete reversal or absolute reactivation of the
photosynthetlc apparatus. In leaves of i1rradiated plants, in spite
of the strongly expressed abllity for a higher absorption of light,
the descendento of the 1rredlated chloroplasts do not return to
the conditions of the chloroplasts in unirradiated (control) planto.
Undoubtedly, with the high photoabsorbabllity of Jlrradlated plants,
photoreactivation 1s expresscd sufficiently satrongly in order to

increase the resistancc of the plant tc UV-radiation. In this case

restoration of the damaged plantas apparently leads during development

to the creation of new cells and new chloroplasts, which are able

to function under "quasi-cosmic" radlation conditions, thus ensuring

a high plant activity. It seems to us Lhat wilh an intense cccurrence

of the photoreactlivation process, 1,e., 1n the presence of a super-
poscd spectral diotributlon of radiation, the plants acquire the
characteristic resistance to UV-rays. Owing to thio they can ap-

parently exiat for somc time under coosmle rodiation conditions




(for example, in the cabin of a

absorblng the short-wave portioné of the apectrum.

Concluslons

1. By combining natural radiation with radiation from arti-
flcial sources of ultraviolet, radlation conditions close to those
of space can be created in Eastern Pamir,

2. The phencmenon of photoadaptation through the generatians
and alsoc photoreactivation induced by visible light 1s distinctly
expressed in plants found under such "quasi-cosmic" radiation
conditlons. These phenomegna can be of considerable space-blologi-
cal importance slnce plants acquire the abllity to withstand,
wlthout dying, considerable doses of UV-radiation with high-energy
quanta, Here thelr activity and photosynthesls proceed normally or
in certaln specles are slightly depressed.

3. Under the effect of UV-irradiatlion, plants develop the
abllity to utillze more fully the cnergy of visible light, c¢xpe-
clally in the reglon of green and near-infrared rays.

4, vyv-irradiation changes the submicroscoplc structure of
the chloroplasts and alsc the 1lipld metabolism taking place in

them.
TABLE 1

Reflectlion, “ransmission and Absorption of Radiant Energy
by Leaves of ILdgnecus-Frutescent Specles {Pamir Hotanlcal
gardens, 2240 m Above Sea Level July 1961
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TABLE 2

Reflectlon, Transmission and Absorption of Radlant Energy
by Barley Leaves Over the Generatlons (Chechekty, 3860 m
Above Sea Level July, 1961
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Ro0 [ 44,0 | 48,5 | 7.4 35,8 1 41,5227 | 38l0 43,0 18)1 | 39,2 | 44,0 | 248

TABLE 3

Reflectlon, Transmission and Absorptiocn of Radiant Energy
by Beet Leaves with Additicnal UV-Irradliation at 2340 m
Above Sea Level
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* r= reflection t= tranamiasion a= abgorption
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Fig. 3. Chloroplasts of plants Fig. 4. Chloroplasts of beets
cultivated at 4750 m above sea grown at 2340 m above sea level
level, a) Primula turkestanica, from plantsa: a) unirradiated
7000X; b) Swertia merginata, by additional UV, 7000X: b)

T000X. irradiated with additional UV

from quartz-mercury lamps,
TOGOX.
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Fig. 5. Chloroplasts of radish cultivated at 2340 m above

sea level from plants: a) unirradlated with additional UV,

7000X; b) irradiated with additional UV from quartz-
mercury lamps, T000X.
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